Primary melanosis of the dentate nucleus is a rarely described entity with neither known cause nor definitive clinicopathologic correlation. We revisit this previously reported phenomenon by presenting one such case with a review of the pathology as well as additional investigations including elemental analysis by energydispersive X-ray, immunohistochemistry and electron microscopy. The lesion presented macroscopically as a sharply defined, black pigmentation that was restricted to the dentate nucleus of the cerebellum. Other deep nuclei were uninvolved. Similarly, other areas of the cerebellum, brainstem, and supratentorial regions were macroscopically free of pigment. Microscopically, however, the pigment was noted to be present, albeit in microscopic deposits, within layers of the cerebellar cortex. Additionally, immunohistochemistry and electron microscopy defined an intracellular component within astrocytes. X-ray analysis of the pigment showed it to consist almost entirely of sulfur, an element known to be prominent in neuromelanin. This report also describes an association of the pigment with astrocytes by ultrastructural examination. We discuss the results of our findings in the context of etiopathogenetic considerations, seeking to gain a better understanding of this abnormal pigmentation and its relationship to neuromelanin.
INTRODUCTION
Melanin, derived from the Greek, melanos ¼ black, comprises the group of black or brown pigments that may be found in the skin, eye, inner ear, and various parts of the brain. These are biologically active compounds that vary significantly in their physical and chemical properties. Neuromelanin (NM) is typically identified in the cytoplasm of catecholaminergic neurons in the brain, such as neurons of the substantia nigra and the locus ceruleus. These pigmented neurons are of significant clinical and research interest by virtue of their association with Parkinson disease. Although there are many reports in the literature that address various aspects of NM, many unanswered questions still persist regarding its origin as well as its physiologic and pathologic roles (reviewed elsewhere) (1) . Neuromelanin is a well-recognized physiologic deposit in select areas of the CNS. Melanin may be found intracranially in primary neoplasms such as pigmented meningioma, or secondarily as in melanoma, metastatic to the brain or in neurocutaneous melanosis. The current report, however, describes a very rare and specific pigmentation of the dentate nucleus of the cerebellum. It is distinct from cases in which CNS melanin deposits are a manifestation of neurocutaneous melanosis in which there may be extensive nevi all over the body, significant leptomeningeal pigmentation and a range of related pathologies. In our review of the published literature we were only able to identify 18 reported cases with the last cases reported in 1981 (2) (3) (4) (5) (6) (7) (8) . Primary dentate melanosis is not yet known to be associated with any specific pathologic entity. Similarly, the presenting clinical conditions do not provide any clues to the etiology or even permit identification of cases that may be predisposed to this pathology. Because of its rarity, its identification in such a wide range of nonspecific clinical conditions, over a wide age range, without unifying defining features except for its histopathologic appearance, warrants additional investigations. We revisit this unusual condition with presentation of the nineteenth such case, one in which we have had the opportunity to carry out additional investigations that may contribute to our understanding of this entity.
MATERIALS AND METHODS

Clinical Information
The patient was a 53-year-old man with a past medical history significant for adult onset seizures (seizure-free for 10 years) controlled with Carbamazepine. He was admitted with a preliminary diagnosis of hairy cell leukemia, confirmed with histology and flow cytometry. After initiation of chemotherapy (2-chlorodeoxyadenosine) the patient developed febrile neutropenia, seizures and right lower lobe pneumonia. Antibiotics were started including Ceftazidime, Clindamycin and later, Amphotericin B as well as Acyclovir (for suspected herpes encephalitis.) However, an MRI of the brain showed neither generalized nor focal brain lesions. Bronchoscopic examination revealed non-necrotizing pulmonary granulomas and a multi-drug anti-mycobacterial regimen was begun with Isoniazid, Rifampicin, Pyrazinamide, and Ethambutol. The patient continued to have seizures and at one point became agitated and combative. He was switched to Phenytoin and his mental status and seizure control improved. However, 2 weeks later, his mental status declined once more when he became only intermittently responsive and coherent. Blood cultures revealed Corynebacterium and appropriate antibiotics were begun. Liver function tests became abnormally elevated and anti-mycobacterial drugs were withdrawn. As the patient continued to decline, blood cultures also revealed gram positive cocci in clusters and Vancomycin was added. The patient's clinical condition evolved to multi-system organ failure and sepsis and he passed away 1 month after admission.
Pathology
A complete autopsy was performed including examination of the brain. The brain was examined after fixation in 10% neutral buffered formalin for 2 weeks after which the cerebral hemispheres were sliced in the coronal plane, while the brainstem and cerebellum were transversely sectioned. Tissue sections were submitted for routine paraffin processing and sections for light microscopy were stained with the following methods: Hematoxylin and eosin (H&E), Prussian blue, Masson-Fontana, periodic acid Schiff, and immunohistochemistry for glial fibrillary acidic protein (GFAP).
Representative areas of the lesional tissue were processed for transmission electron microscopy (TEM). Appropriate sections of pigmented areas of the dentate nucleus were recovered and refixed in 2.5% phosphate buffered glutaraldehyde. Pieces of tissue, 1-mm-thick, were processed as follows: The tissue was rinsed in 0.1 M phosphate buffer. Tissue to be processed for TEM was osmicated for 1 hour with 1% osmium tetroxide in the above buffer at room temperature, and then rinsed in the above buffer. This tissue was dehydrated in a graded series of acetone dilutions, infiltrated with epoxy resin and embedded. Thick and thin sections of the tissue were obtained and stained. Electron micrographs of both samples were obtained using a Philips CM 10TEM.
Preparation for scanning electron microscopy (SEM) was as follows: Tissue blocks previously processed for TEM, embedded in epoxy resin, were coated with a 20-nm coating of carbon. Additional deparaffinized tissue was air dried from 100% ethanol, mounted on SEM stubs and carbon coated. The samples were observed in a Philips 515 SEM at 15 kV.
Elemental Analysis
Energy-dispersive X-ray analysis was performed on the pigment granules, as well as the surrounding tissue, using deparaffinized tissue sections as well as resin embedded sections prepared for TEM. Analysis was performed using an EDAX 9800 energy-dispersive X-ray analyzer mounted on the 515 SEM.
RESULTS
General autopsy findings were consistent with the clinical course described above. Examination of the brain following fixation revealed no macroscopic abnormalities except for the changes described below in the dentate nucleus of the cerebellum. Histologic examination of representative sections from multiple regions of the brain was essentially normal, again with the exception of the cerebellum.
Macroscopically, the only abnormality was seen in the dentate nucleus, which was uniformly black-brown. The pigmentation was symmetrically distributed, with the entire dentate nucleus being uniformly affected. No abnormal discoloration was grossly observed elsewhere in the brain (Fig. 1 ).
Microscopic Findings
The pigment particles were discrete and spherical and had a dark brown to black color. They ranged in size from a few microns to approximately 20 lm. The distribution of the pigment particles was greatest in the dentate nucleus as observed macroscopically. However, microscopically on H&E stains, there was extension of pigment into the granular layer of the cerebellum, where the pigment size and intensity were decreased ( Fig. 2A, B ). For the most part, the pigment was present within the neuropil, although the particles were very often located in intimate association with reactive astrocytes. Pigment was not seen within other neurons in the cerebellum, although there was normal distribution of pigment in the substantia nigra and the locus ceruleus. Prussian blue stain was negative, confirming that the pigment was not iron/hemosiderin (Fig. 2C) . Particles within the dentate as well as those seen in the cortex had the same staining characteristics despite mild difference in intensity of staining (Fig. 2D ). MassonFontana staining defined the pigment particles as dense, black-stained particles, confirming their melanin properties ( Fig. 2E ) and a negative PAS stain excluded the presence of glycogen or mucopolysacharides (Fig. 2F) .
Immunoreaction for GFAP identified reactive astrocytes in and around the pigment deposits. In many instances, the pigment was seen surrounded by astrocytic cell borders strongly suggestive of an intracellular relationship. In other areas, smaller pigment granules were seen in cells in which the glial immunoreaction was typical of reactive astrocytosis (Fig. 3A, C ).
Ultrastructure
Using a Philips CM 10 TEM, the dark pigment seen in the specimen appeared as membrane-bound, highly osmophilic, and amorphous particles of up to 10 lm in diameter dispersed among the neuropil. Smaller intracellular particles (1-2 lm in diameter, also membrane-bound) were observed. The smaller particles were not as osmophilic or amorphous and had an appearance consistent with lipofuscin deposits. We were able to identify NM pigment within astrocytic processes, in close proximity to intermediate glial filaments, confirming our earlier immunohistochemical impressions (Fig. 4A, B) . Scanning electron microscopy of the resin embedded tissue and the tissue that had previously been paraffinembedded showed similar results when observed by backscattered electrons in the 515 SEM. Secondary electron images of the tissue slices revealed spherical deposits of a foreign material in the brain neuropil. Backscattered electron images of the same sample revealed a marked difference in elemental contrast between the spherical pigment granules in the tissue and the surrounding tissue. The granules in the tissue appeared brighter in the backscattered electron SEM image (data not shown), indicating that the average atomic number of the material in the granules was higher than that of the surrounding tissue.
Elemental Analysis
Energy-dispersive X-ray analysis of the NM granules and surrounding tissue was performed on the deparaffinized brain sections as well as on resin embedded sections prepared for TEM. The X-ray spectra of the NM granules revealed a composition almost entirely of sulfur. The adjacent nonpigmented brain tissue itself contained phosphorus and sulfur, as well as trace amounts of sodium, potassium, calcium, and iron (Fig. 5A, B) .
Review of Reported Cases
Demographic information regarding the cases reported in the literature (2-9) is presented in the Table. The underlying clinical scenarios were very varied and did not provide any Transverse section through the cerebellum defines a deeply pigmented dentate nucleus. The distribution is fairly uniform and symmetrical. The locus ceruleus was not abnormally pigmented and no pigment was grossly seen elsewhere in the brain.
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Primary Melanosis of the Dentate Nucleus clues to etiology. Primary diagnoses included dementia (3 cases); Creutzfeldt-Jakob disease (1 case); cerebral infarcts (3 cases); cancer, including laryngeal, breast and rectal, and in our patient hairy cell leukemia; cardiovascular disease, including 'circulatory failure', pulmonary embolism (2 cases), ischemic heart disease (2 cases), hypertension and endocarditis; and single cases of Caplan syndrome, porphyria, hip fracture, etc. No common thread could be identified on review of these cases, for example, paraneoplastic, vascular, immunosuppression or other. There were more women than men (13 female:6 male), which may lend some limited support to consideration of hormonal or involutional processes. The age of the patients ranged from 26 to 104 years with a mean age at diagnosis of 70.2 years. In addition to the classic pattern of pigment in the dentate nucleus, 11 of the 19 cases reported presence of pigment in the granular layer of the cerebellar cortex, while 3 cases also had pigment granules in the cerebral cortex. There was no consistent known exposure to toxins, environmental hazard or specific drug therapy. The very specific and symmetrical distribution of pigmentation makes it impossible to ascribe a circulatory etiology.
DISCUSSION
There is a vast literature on peripheral melanins, but there remain many unanswered questions when one seeks information on NM. Of course, the significance of NM is most often considered in the context of its loss in Parkinson J Neuropathol Exp Neurol • Volume 76, Number 11, November 2017 Primary Melanosis of the Dentate Nucleus disease; however, there are other aspects of this substance that must be considered in both physiologic and pathologic conditions. Baron Jöns Jacob Berzelius, a Swedish chemist is attributed with the origin of the term melanin, derived from 'melanos' (10) . Because of its similarities to its cutaneous counterpart, melanin found in the brain has been named NM (11, 12) . As reviewed elsewhere (1), melanins are classified into 4 groups: Eu-melanin, formed from L-3,4-dihydroxyphenylalanine (L-dopa); Pheo-melanin, formed by oxidative polymerization of 5-S-cysteinyl-dopa or 2-S-cysteinyl-dopa; Neuro-melanin, thought to be formed by oxidative polymerization of dopamine or noradrenaline, with the possible involvement of cysteinyl-derivatives; and Allo-melanin, formed by the oxidation of polyphenols, such as catechols and 1,8-dihydroxynaphtalene. Unlike peripheral melanins that are produced by melanocytes as discretely packaged melanosomes that may be transferred to other cell types, NM can be identified in the cells in which it is produced, that is, catecholaminergic neurons. Within this group of neurons, it is manufactured only by noradrenaline and dopamine producing cells and not by adrenaline synthesizing neurons (13, 14) . The distribution of NM in the normal brain is restricted to the brainstem with the largest number of pigment containing neurons limited to the pars compacta of the substantia nigra, followed by almost all neurons in the locus ceruleus (14) (15) (16) (17) . Although the neurons in these nuclei produce noradrenaline and dopamine, which are required for the synthesis of NM, the presence of these catecholamines does not necessarily translate to NM production (1). In addition to these 2 well-recognized sites of NM deposits, some NM containing neurons are also present in the hypothalamus, medulla oblongata (18, 19) and in the cerebellum near the fourth ventricle (20) . The distribution of the pigment in this case bears strong resemblance to NM based on its appearance, chemical and biologic properties; however, its topographic distribution contrasts sharply with the physiologic distribution.
There have been many assertions that NM is an inert cellular byproduct although more current literature suggests a regulated synthesis and possible physiologic role. The role of dopamine as a precursor with the possibility that NM was simply a product of dopamine autoxidation was suggested (21, 22) , and subsequently proposed that it was merely a byproduct of dopamine metabolism (13, (23) (24) (25) . It is also worth mentioning that the association of NM and lipofuscin has been drawn many times based on structural and histochemical analyses. The studies performed by demonstrate chemical similarities between the 2 and have also supported the hypothesis that lipofuscin is a precursor to NM. Contradicting these assertions are factors such as the topographic distribution of NM and its absence in the infant brain as well as in the midbrains of many other species. Thus, although it appears that the production of NM is a structured and regulated process, additional details regarding these steps remain elusive.
Structurally, NM pigment is often referred to as granules, and exhibits different diameters than melanosomes (0.5-2.5 mm) (30) , as also seen in our case. Additionally, reports describing ultrastructural features are inconsistent with regard to the membrane-bound status of these granules (30) (31) (32) (33) . While this inconsistency may simply be the result of differences in methods, our results did not identify a surrounding membrane. Other studies, like ours, have also shown that NM isolated from the substantia nigra region of the human brain reveals granules comprised predominantly of spherical structures (34).
As described above, in our studies we found that the pigment inclusion granules were noted to be very rich in sulfur. In comparison the biochemical content of NM, as determined through chemical degradation analyses suggest that it is composed of both eumelanic and pheomelanic components (35) (36) (37) (38) . Electron paramagnetic spectroscopy of NM reveals the spectrum of NM is closer to that of sulfur containing pheomelanins than eumelanins. Zecca et al examined NM from the substantia nigra of human brains (37, 39, 40) . They used a number of methods to chemically characterize the material including pyrolysis gas chromatography, mass spectrometry, infrared spectrometry, thermogravimetric analysis and elemental analysis. They reported that an indole moiety bound to a sulfur containing amino acid and to palmitic acid were the main aspects found in the structure. Previous X-ray analysis of the substantia nigra and NM demonstrated in control brains that sulfur levels were noted to be higher in NM aggregates in the substantia nigra than in nigral regions that were lacking NM (41) . Also, NM has been previously shown to have a significant sulfur component as it is a mixed type melanin (38) . Most recently NM-containing organelles of the substantia nigra were investigated using methods such as Analytical Electron Microscopy and Nano-Secondary Ion Mass Spectrometry (NanoSIMS). These studies in healthy subjects confirmed the presence of a significant amount of S, Fe, and Cu (42) . Investigators have described similarities between pigment seen in melanosis cerebelli and that found within the substantia nigra, as determined from the infrared absorption bands (43) . Based on our findings and the literature, we find it to be more than likely therefore that the pigment is related to NM or a residuum thereof.
The observation of a relationship between astrocytes and NM pigment has been alluded to in a previous study (8) . Our study further defines this spatial relationship both with GFAP immunohistochemistry and EM, whereby pigment granules were observed within astrocyte processes. Of note, however, is the observation that this is not a uniform or consistent finding and in most areas examined the granules are more frequently deposited within the neuropil. This casual intracellular relationship may perhaps suggest a different pathophysiology to this unusual phenomenon, as in the possibility that astrocytes were capable of manufacturing or accumulating such granules. Juurlink observed that in astrocytic cultures exposed to high levels of catecholamines, mouse astroglia would accumulate fine granular material that persisted when catecholamine levels were withdrawn (44) . Ultrastructure of the granules, as well as their ability to stain strongly with Schmorl's ferric-ferricyanide, suggested that the granules consisted of lipofuscin or NM. However, even assuming that this association would carry over to human astroglia, once again, we find ourselves asking why this phenomenon would be limited to the dentate nucleus. A more plausible explanation may be that the granules identified in astrocytes may simply be a function of phagocytic activity of these cells. While not typically identified as a function of these cells, phagocytosis by astrocytes has been well studied and reported in a wide range of circumstances (45) (46) (47) (48) . We searched the literature seeking any possible relationship to the various medications that this patient was prescribed. The majority of drugs that have a tinctorial side effect are associated with jaundice. A large number of drug groups are well known for their tendency to induce mucocutaneous dyspigmentation. These medications tend to be associated with distinct clinical and histological patterns largely dependent on their underlying pathogenesis. Antimalarials, chemotherapeutic agents, heavy metals, miscellaneous medications (e.g. amiodarone, zidovudine, minocycline, clofazimine, and psoralens), and psychotropic drugs are among the most commonly implicated medications in acquired dyschromia, but none of these have such specific topographic distribution or biophysical characteristics. Thus, we were unable to identify any specific medications prescribed to our patient that have abnormal deposition of pigment as a recognized or reported side effect.
This case of "primary melanosis of the dentate nucleus" is in addition to 18 others reported in the literature (2-9) (Table) . In reviewing all of these reported cases, the incidence does not appear to be the cause of any functional or clinical manifestation. The clinical picture, neurologic findings and/or psychiatric manifestations are consistent with the underlying diagnoses. Specific cerebellar signs and symptoms related to the described pathology could not be identified. Although the sample size (of 19, at last count) is small, there appears to be very little clinical and demographic consistency between cases. The actual etiology, however, of such localized pigment still remains unclear. Best et al suggest that, as a majority of the patients were female and that all except one were older than 49, involutional and endocrine factors may play a role (8) . Perhaps supporting the involutional physiologic degenerative hypothesis made by Best et al are the physical and biochemical associations drawn between NM and lipofuscin, for example, by in favor of the hypothesis that lipofuscin is the precursor to NM. However, the relationship between NM and lipofuscin still remains unclear and this debate is ongoing.
Nonetheless, this phenomenon of cerebellar melanosis merits continued investigation because of its similarities (and differences) with classical NM found in the brain. Additionally, any enhanced knowledge of NM may provide clues to help understand other conditions in which this pigment may play an important role.
